Abstract Seventeen (17) phages infective for the mycolata were isolated from six samples of activated sludge using 21 prospective hosts from the genera Dietzia, Gordonia, Nocardia, Rhodococcus, Tsukamurella and Mycobacterium. Their morphology indicated that they were all members of the viral family Siphoviridae, but they varied in the size of the icosahedral head and length of non-contractile tail, suggesting they were different. This was confirmed by host-range studies with 47 strains of mycolata, which showed that each phage had a unique host-range, and this was polyvalent in the majority (15/17) of cases, with 12 phages infective for hosts representing two or three of the genera Gordonia, Nocardia and Rhodococcus. The potential for use of these phages in the control of foaming and other applications is discussed.
Introduction
The ability of bacteriophages (phages) to lyse and/or lysogenise their bacterial host enables them to be used as biological tools (Ackermann and DuBow, 1987) . One of these tools is phage therapy, which is the use of phages in the treatment of human pathogens. Phage therapy has recently aroused interest as an alternative to antibiotic therapy in light of the increase of antibiotic resistance by pathogens (Alisky et al., 1998; Carlton, 1999) . Other possible uses of phages as biocontrol agents include phage treatment of algal blooms (Garry et al., 1998) , disease in fish (Nakai et al., 1999) and fire blight in trees (Gill et al., 2000) . This laboratory is investigating a novel method for the control of foaming incidents in activated sludge plants by the use of phages capable of lysing the bacteria responsible for foam formation, in particular the mycolata.
Foaming is a worlwide solids separation problem caused by proliferations of filamentous microorganisms at activated sludge plants (Wanner, 1994) and is detected as a thick, stable scum on aeration basins and clarifiers (Soddell and Seviour, 1990) . Foaming is detrimental to plant productivity and efficiency (Soddell, 1999) . At present the methods used to control foam, such as sludge age manipulation, do not adequately control all foams (Duchene and Pujol, 1991) . The filamentous microorganisms isolated from foam commonly include members of the mycolata (Soddell, 1999) , which include the genera Corynebacteria, Gordonia, Tsukamurella, Dietzia, Mycobacterium, Nocardia, Rhodococcus and Skermania (Chun et al., 1997; Stackebrandt et al., 1997) . Many mycolata, such as G. bronchialis, G. terrae, N. asteroides, N. brasiliensis, N. farcinica, N. otitidiscaviarum and R. equi are pathogenic or opportunistic pathogens (McNeil and Brown, 1994) , and have been isolated from foam (Sezgin et al., 1988 , Knight et al., 1995 Stratton et al., 1996) . The presence of such pathogens in foam suggests that it could pose a public health risk as these organisms can be transmitted via aerosols (Stratton et al., 1996; Goodfellow et al., 1998) .
In the past the typical substrates for the isolation of mycolata phages have included soils (e.g. Bradley et al., 1961 : Williams et al., 1980 , compost (Prauser, 1984) and temperate bacteria (Pulverer et al., 1975; Hiddema et al., 1985) . With the major exception of phages infective for pathogenic mycobacteria, such as L5 (Hatfull and Sarkis, 1993) , phages infective for mycolata have rarely been well-characterised and there are many species for which phages have not been isolated. Considering the wealth of bacteria in activated sludge one would expect it to be an ideal environment to isolate new phages but apart from those infecting enteric bacteria (Bitton, 1987) this resource has been given little investigation. This study investigates the incidence of phages infecting foam-forming mycolata in sludge and characterizes their host ranges and morphologies.
Methods

Isolation of phages
Six samples of activated sludge were acquired from the wastewater treatment plants at Carrum in Victoria (2 samples), Loganholme and Merrimac in Queensland, Burwood Beach and Edgeworth in New South Wales and stored at 4°C. Twenty one prospective hosts (Table 1) were selected from the La Trobe University, Bendigo (LTUB) Culture Collection. These were cultured on Brain Heart Infusion (BHI) (Oxoid) agar at 30°C for 24 to 48 hours and stored as mycelial suspensions in 20% glycerol at -80°C. Phages were isolated using a modified version of the host enrichment technique (El-Tarabily et al., 1995) . Erlenmeyer flasks (50 ml) containing 0.2 ml prospective host, 1 ml activated sludge sample and 20 ml Peptone Yeast Calcium (PYCa) broth (Bradley et al., 1961) were incubated with shaking at 30°C for 24 hours. Suspensions were centrifuged at 4°C for 30 minutes at 4,000 rpm, and supernatants filtered using disposable filters with 0.22 µm pore size (Millipore Corp.) . Lawn plates of the prospective host were prepared by swabbing 0.2 ml (ca. 10 8 cfu/ml) of the appropriate prospective host onto plates of PYCa agar and allowed to dry in a laminar flow cabinet for 30 minutes. Filtrates (0.2 ml) were spotted onto the prospective host lawn, allowed to dry in a laminar flow cabinet and incubated at 30°C for 24-48 hours. These plates were then examined for the presence of plaques. Phages were purified by two serial transfers of single plaques and stored at 4°C.
Host range studies
Host range studies of the phage isolates were performed using 47 mycolata strains, including type strains and activated sludge isolates (Table 1) . Hosts were propagated as described previously with the exception of S. piniformis, which was incubated at 25°C for 2-3 weeks. Suspensions (0.2 ml) of each phage (10 8 pfu/ml) were spotted onto lawn plates prepared in duplicate of each of the hosts on BHI agar supplemented with Ca(NO 3 ) 2 (0.05% w/v). Plates were incubated at 30°C then examined for lysis after 24 and 48 hours. Note: phages RER1 and NBR3 could not be propagated on BHICa agar and their host range studies were performed on PYCa agar. The host range of RGL1 was also determined using PYCa agar.
Electron microscopy
A drop of phage suspension was spotted onto a 200 mesh copper grid covered with a 0.2% Pioloform film (Agar Scientific Ltd., Essex, UK) and stained with 1% aqueous uranyl acetate. Phages were examined using a JEOL (JEM-100CX) Transmission Electron Microscope operated at 100 kV.
Results and discussion
Are actinophages present in activated sludge?
Using 21 different prospective hosts (Table 1) 17 actinophages were isolated from six samples taken from activated sludge plants in three states of Australia (Table 2 ). More than one phage was isolated from most plants with up to six phages isolated from one plant (Loganholme). These results suggest that mycolata phages may exist in large numbers in activated sludge, possibly in every plant, especially considering that large numbers of mycolata that exist in this environment (Goodfellow et al., 1998) . However, the number of phages isolated in this study is probably an underestimate for a number of reasons, including (1) a limited number of propagative hosts were used, and (2) the host enrichment technique may select for only one particular phage infective for a host, such as the fastest multiplying phage (Goyal, 1987) .
Some hosts were infected by phages from several plants, particularly G. terrae, which was lysed by phages from all plants tested. Each of these phages showed a different hostrange, showing they were different.
Actinophage morphology
All actinophages in this study were tailed (Figure 1 ) having the morphological characteristics, i.e. icosahedral shaped heads and long noncontractile tails, that place them in the viral family Siphoviridae (Maniloff and Ackermann, 1998) . The Siphoviridae morphotype has been found to predominate in mycolata phages isolated from other environments (Ackermann, 1996) . The frequency of isolation of this morphotype in mycolata phages and the fact that all actinophages (phages that infect actinomycetes) are tailed may reflect evolutionary differences between actinomycetes and other bacteria for which other phage morphotypes (e.g. cubic or filamentous) have been isolated (Ackermann et al., 1985) . The Siphoviridae morphology may have an ecological advantage in the activated sludge environment. Lasobras and others (1997) found that "among the phages studied, those belonging to the family Siphoviridae with flexible tails seem most able to persist under adverse conditions, such as natural inactivating processes or water treatment" (p. 132). Variations in head and tail sizes between our isolated phages (measurements not included) also indicated they were different (Figure 1 ). Host range studies (Table 3) showed that fifteen phages had polyvalent host ranges, demonstrating activity spectra varying in the number of genera and species lysed. Two exceptions to this were phages TPA1 and NBR2, which behaved monovalently, each lysing only their respective propagative hosts. That twelve of the seventeen phages isolated lysed the members of at least 2 genera suggests that there are a large number of phages with wide host ranges present in activated sludge. Phages isolated for nocardiae and rhodococci are cross reactive for strains of these genera (Prauser, 1984) , but no phages have been previously reported that lyse across the genera Gordonia, Nocardia and Rhodococcus, such as phages GTE1, GTE2, GTE3 and GTE4. This is probably to a degree caused by taxonomic alterations in these closely related genera (Soddell, 1999) . Other phages isolated from sludge by Hantula and others (1991) with non-mycolata hosts were also found to have broad host ranges, leading them to suggest that such phages are common in natural ecosystems. It could be supposed that the ability to lyse many hosts would give a phage a selective advantage over those only able to propagate on one host.
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515 Table 3 Summary of host ranges of the actinophages isolated from activated sludge. Each phage was tested against every organism in Table 1 Phage Name Mycolata lysed
Phages able to lyse members of three genera GRU1 G. amarae (Gama44, but not Gama9), G. terrae, G. rubropertincta, N. brevicatena, N. nova, R. fascians and R. globerulus GRU2 G. rubropertincta, G. sputi, G. terrrae, N. brasiliensis, N. nova All the polyvalent phages were able to lyse either G. terrae and/or N. brasiliensis (Table  3 ). This may indicate that these organisms have receptor site(s) that allow them to be infected by a large number of phages or possibly that they are under-reported in activated sludge. The receptor sites and mechanisms of infection of phages infective for the mycolata have been little studied and deserve further investigation. Further studies on phage-host interactions, especially on phages with wide host ranges, such as GRU1, GTE1, GTE2 and GTE4, might enable them to be exploited for foam control in activated sludge. This is supported by the ability of these phages to lyse strains of G. amarae, an organism frequently associated with the problem of foaming in activated sludge plants (Sezgin et al., 1988; De Los Reyes et al., 1998) . It should also be noted that most phages lysed mycolata species that are pathogens or opportunistic pathogens, including G. terrae, N. asteroides, N. brasiliensis and N. farcinica which are found in foam (Table 3) .
Although none of the polyvalent phages were able to lyse all the members of one genus this behaviour has previously been reported for other actinophages (Prauser, 1984) . Many of the polyvalent phages were unable to lyse all the strains of a particular species, such as the strains of G. amarae, N. asteroides, N. farcinica, N. otitidiscaviarum, R. erythropolis and R. rhodochrous . Such behaviour is typical of phages and has been exploited in the past to form phage-typing schemes of human pathogens, such as M. tuberculosis (Snider et al., 1984) and C. diphtheriae (Andronescu et al., 1997) .
During the host range studies it was noted that several hosts were lysed by phages isolated from a particular plant although they had not been propagated on as prospective hosts during the isolation protocol. This includes the lysis of N. brasiliensis by GTE4, G. rubropertincta by GTE5, and N. farcinica (Nfar26) by both NBR3 and GTE4. Differences in phage titres resulting from the use of different media might have contributed to this result (Gold, 1959; Brownell et al., 1967) .
Another interesting aspect of the host range studies was the inability of the phages to lyse certain hosts in these studies. None of the phages were able to lyse Dietzia, Skermania or J81, an organism probably representing a new genus (Soddell et al., 1998) . Similarly, the Mycobacterium phage was genus specific and the Tsukamurella phage (data not shown) was species specific. It appears that phage susceptibility may be related to host phylogeny, as has been previously suggested (Bradley et al., 1961; Prauser, 1976) . Phage susceptibility is defined by differences in cell wall chemotype (Prauser, 1984) . No phage isolated in this study was able to lyse Streptomyces griseus and this behaviour reflects the relationship between cell wall chemotype and phage susceptibility demonstrated by other actinophages (Prauser, 1984) -streptomycetes have a cell wall chemotype I whilst mycolata have a cell wall chemotype IV (Lechevalier and Lechevalier, 1980) .
Future potential of activated sludge actinophages
We believe that phages have the potential to be used to control foaming organisms, but many questions need to be answered. Further characterisation of the phages isolated in this study is currently underway to determine the lysogenic status (i.e. does the phage genome become incorporated in the host genome?) and other phage properties. At the moment we are not in a position to answer the question "If phages infective for foam formers are present in activated sludge why does foaming occur?" With further studies the answer to this question could lead to the development of a novel method for the control of foam. These phages may also be suitable as cloning vectors for the study of their foam-forming (and other mycolata) hosts at a molecular level. It is already recognised that some species of rhodococci have potential for industrial applications due to their ability to degrade a range of organic compounds and these also require intense genetic investigation (Larkin et al., 1998) .
As many of the actinophages isolated lysed pathogenic mycolata their potential for applications increases. This is because there have been increased reports of mycolata infections in recent years due partly to increased numbers of immunocompromised individuals (Kontoyiannis et al., 1998) , and also due to the resistance of many of these organisms to antimicrobial drugs (Serrano et al., 1995) . Phages able to lyse organisms such as G. terrae, N. asteroides and N. brasiliensis may have potential for the biocontrol of these organisms, either in foam or clinically. These phages might also be used to create phage typing schemes for pathogenic mycolata, such as G. terrae.
Conclusions
This study illustrates that there could be a large number of novel actinophages present in activated sludge with the isolation of seventeen actinophages from six samples of sludge and this number may well be an underestimate due to the large numbers of mycolata in activated sludge. Further research into the presence of mycolata phages in this complex environment is merited considering that many phages isolated in this study had either broad host ranges or host ranges inclusive of pathogens indicating they may have potential as biological tools.
